We examine the response of a pulse pumped quantum dot laser both experimentally and numerically. As the maximum of the pump pulse comes closer to the excited-state threshold, the output pulse shape becomes unstable and leads to dropouts. We conjecture that these instabilities result from an increase of the linewidth enhancement factor a as the pump parameter comes close to the excitated state threshold. In order to analyze the dynamical mechanism of the dropout, we consider two cases for which the laser exhibits either a jump to a different single mode or a jump to fast intensity oscillations. The origin of these two instabilities is clarified by a combined analytical and numerical bifurcation diagram of the steady state intensity modes. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4923244] High-power laser diode operation is an important issue for the laser community since its first demonstration at room temperature.
1 Over the past years, great progress in continuous wave high-power semiconductor lasers was achieved with dramatic reduction of the internal losses. Numerous solutions of the optical damage problem 2 have been proposed that include non-absorbing (with, e.g., intermixing techniques 3 ) and non-injecting mirrors, 5 large optical cavity, 4 and aluminum-free laser diode concepts 6 as well as sophisticated facet passivation techniques. On the other hand, short pulsed gain-switched laser operation allows 1-2 orders higher output power due to reduction of the overheating effects. This has motivated the study of high-power pulse generation at pumping level of 10 s to 100 s threshold values. Today, high power pulsed laser diode operation is appealing for multiple biomedical applications including photo-depilation, 7, 8 laser liposuction, 9 generation of ceramides 10 and heat-shock proteins, 11 and material processing. 12 In many such applications, quantum dot semiconductor lasers (QDLs) have shown significant advantages as high power pulse generators due to their high gain efficiency and small size. 13 In this letter, we examine the high power pulsed operation in an electrically pumped QD laser both experimentally and numerically. The output pulse shape is observed to be dependent on the pump current. At lower currents which correspond to lasing at the ground state (GS), the pulse shape mimics that of the pump pulse. At higher currents, the pulse shape becomes progressively unstable. This instability is strongly pronounced in the proximity of the secondary threshold which corresponds to the appearance of the excited state (ES). After a slow rise stage, the output power sharply drops out. It is followed by large-scale amplitude fluctuations. We explain these observations by the change of the a-factor in QD lasers between the first (GS) and the secondary (ES) threshold. We explore the role of the slowly rising a in the pulse shaping and power dropouts. Slowly varying control parameters may significantly affect the dynamics at bifurcation points. Specifically, the expected bifurcation transition is delayed due to the inertia of the system's response close to bifurcation points. Slow passage problems have been well studied in the nonlinear optics literature. 14, 15 Experimentally, the studied QD laser structure was grown on a GaAs substrate by molecular-beam epitaxy. The active region included five layers of self-assembled InAs QDs separated with a GaAs spacer from a 5:3 nm thick covering layer of In 0:14 Ga 0:86 As. Finally, the structure was processed into 4 lm-wide mesa stripe devices. The 1.5-2:5 mm long lasers with high-and antireflection coatings on the rear and front facets lase either at the GS (around 1265 nm, $50 mA threshold at the pulsed pump) or simultaneously at the GS and ES (around 1190 nm, $1:5 A threshold at the pulsed pump) in the whole range of pumping. Short-pulsed electrical pumping with a total pulse duration of 30 ns was used to achieve high output power operation and avoid the effect of overheating on the output pulse shape. Pulses of $5 ns rise-time were obtained from a high power digital pulse source (up to 2A current), and the laser output was detected using a high-speed pin detector with a cut-off frequency of 30 GHz and a 50 GHz digital oscilloscope.
The experimental output pulse shapes and corresponding optical spectra are shown in Fig. 1 . We distinguish three different regimes of operation in relation to the ES threshold. In Fig. 1(a) , the GS output pulse shape is similar to that of the pulsed pump up to $0:8 A pump current. It consists of a After the $5 ns rise stage, the GS output power gradually decreases. It is followed by fast oscillations. At higher currents, closer to the ES threshold ( Fig. 1(c) ), the laser output at the pulse front first corresponds to the GS. As the pump pulse reaches its top, the output power drops out. It is followed by large amplitude oscillations. The power dropout appears at or even before the end of the 5 ns rise-time.
We conjecture that the change of the pulse profile and the power dropout is related to the dynamical change of the phase amplitude coupling with the pump current. At lower currents, the power dropout phenomenon occurs much later than the rise-time of 5 ns ( Fig. 1(b) ). At higher currents, close to the ES threshold, the dropout happens when the peak pump power has been reached ( Fig. 1(c) ). The complicated time evolutions observed after dropouts are difficult to analyze at this stage, and we will mainly concentrate on the origin of the power dropout. The latter will be related to the variations in the phase-amplitude coupling of the field with the increase of the pump current.
In a conventional semiconductor laser, the phaseamplitude coupling is characterized by the aÀfactor. 16 Its impact on laser performance has been a subject of intensive research for decades. Measurements of the aÀfactor in a QD laser are not so well documented. It has been shown that various measurement techniques can lead to different values of the aÀfactor. 17 Numerical results presented in Refs. 18 and 19 suggest a complex dynamics of the aÀ factor in QD lasers. Experimental results for simultaneous GS/ES lasing 20 reveal that by contrast to conventional semiconductor lasers, the aÀfactor in QD lasers significantly increases above the GS threshold, and a value a ¼ 57 was measured just below the ES threshold. Direct measurement of the aÀfactor cannot be performed for the pulse pumped laser as all known techniques (except for extraction from the amplified spontaneous emission, which is applicable near threshold) rely on cw laser operation which cannot be experimentally achieved for the high pump currents (up to 1:5 A; 50-fold cw threshold) that have been used in our experiments. The dynamical effects in our work appear at extremely high currents (>1 A) when the laser operates close to full inversion. This case has been considered theoretically in Ref. 17 , and strong dependence of the aÀfactor on the current has been demonstrated. The increase of aÀfactor with pump current in QD lasers has also been reported in Refs. 21 and 22, and is the key assumption in our modeling.
In order to describe the experimental observation, we consider a delay differential equation (DDE) model 23 
where prime means differentiation with respect to t t 0 =s ph , where t 0 is time and s ph ¼ 10 ps is the photon lifetime. g s ph s À1 ¼ 10 À2 , where s ¼ 1 ns denotes the carrier recombination time. E is the normalized electric field, q is the occupational probability in the ensemble of QDs, and N is the 2D carrier density in the wetting layer (WL). The gain G ¼ 2g ð2q À 1Þ is defined by the dot population and a g-factor, which we define as the effective gain factor. The term BNð1 À qÞ describes phonon-assisted capturing of the carriers from the wetting layer into the dot limited by the Pauli blocking factor. B ss 
where t rf ¼ s rf =s ph ¼ 500: We propose that the aÀfactor depends on the cavity, and the gain variations caused by the pump current increase and the optothermal effects. In order to describe the evolution of alpha, we introduce
where c À1 a ¼ 1000 ) c À1 is the slow relaxation rate.â ¼ 1 is the value of the aÀfactor in the absence of the pump current effects, and b is an amplitude of the intensity dependence. We take into account the limited bandwidth of the experimental detection by introducing a filtered intensity satisfying 
where t f ¼ s f =s ph is the dimensionless time constant of the filter taken as t f ¼ 10 for the simulations in Figs. 2 and 3 . The dimensionless equations (1)- (3) facilitate the numerical simulations and are needed for our analytical work. We will, however, display the numerical simulations in terms of the original time for best comparison with the experiments. Some examples of the filtered intensity are shown in Fig. 2 for a range of the pumping amplitude J 0 . At low J 0 , the output pulse is similar to the pump pulse (Fig. 2(a) ). At higher J 0 , the intensity also follows the pump temporal evolution at the front of the pulse, but either slowly decreases or sharply drops (Figs. 2(b) and 2(c) ). The power dropout is followed by fast large-amplitude oscillations. It corresponds to the experimental observations at higher currents.
QD lasers are known as complicated systems exhibiting different time scales. 24 The turn-on dynamics has recently been investigated in detail. 25, 26 but a slow increase of the pump current is a different process. We note that the lasing modes do not emerge simultaneously, but sequentially appear as the pump current increases. As a result, the change of the aÀfactor leads to significant spectral shifts in the position of the lasing modes. The aÀfactor in Fig. 2 slowly rises similar to the evolution of the pump current, and remains nearly constant after that.
We investigate the effect of the slowly varying pump by analyzing Eqs. (1)- (3) in the simplest case where the maximum gain mode admits a bifurcation transition either to another single mode or to a two mode regime. The bifurcations are noted by either a slow transient or by a sharp power dropout. These dynamics are shown in Fig. 3 . After the laser turns on (damped fast oscillations), the laser output follows the lasing state at the maximum gain mode. At a certain value of JðtÞ; this mode becomes unstable, but the transition to another single mode mode (Figs. 3(a) and 3(c) ) or a two mode regime (Figs. 3(b) and 3(d) ) is happening with a certain delay. The transition consists of two stages. At the first stage, the unstable maximum gain mode output evolves in a spiral motion (shown in the insets of Fig. 3(a) and 3(b) ). At the second stage, the spiral drifts towards another attractor which is either a stable focus (single mode in Fig. 3(a) ) or a limit-cycle (two mode beating in Fig. 3(b) ).
We next wish to substantiate our numerical observations by an analysis of the cavity modes (CMs) of Eqs.
(1)- (3) with constant a ¼ a 0 . Using the decomposition E ¼ R expðixtÞ and assuming R, x; G, and N constants, we found a parametric solution with x as the parameter. Specifically, we progressively change x and first compute GðxÞ as
We then determine a 0 ¼ a 0 ðxÞ from
where n is an even integer that defines a cavity mode (CM). Together with (7), we obtained a parametric solution for x and G now as a function of a 0 and n. Finally, we compute N and R 2 using
The modal intensities R 2 and frequencies x are parametrically determined using Eqs. (7) bifurcation diagram is shown in Fig. 4 and illustrates the interplay between the different CMs obtained for a range of a 0 . At smaller a 0 , the laser operates at the maximum gain CM 0 . By progressively increasing a 0 , we observe a jump to CM 2 near a 0 ¼ 3: The jump appears after a subcritical Hopf bifurcation and corresponds to the power dropout in the numerical time trace (Figs. 3(a) and 3(b) ). It explains the experimental observation as a sharp dynamical deformation of the modal structure caused by a change of the amplitude-phase coupling in the vicinity of the ES.
The transient motion shown in Fig. 3(a) corresponds to a mixed mode regime appearing during the jump transition. The system remains locked to CM 2 as a 0 further increases. By decreasing a 0 from a 0 ¼ 8; we observe a stable timeperiodic solution that disappears near a 0 ¼ 2: Its time trace exhibits nearly harmonic oscillations with a period close to 2p and suggest a beating between CM 0 and CM 2 of the form
implying an intensity jEj
We have verified that x 2 À x 0 remains close to 2p as we change a 0 and is exactly 2p at the point where branches CM 0 and CM 2 intersect. Mathematically, we may anticipate that the branch of the two-mode solution (11) connects two single Hopf bifurcation points located on each interacting single mode. This can be demonstrated by an asymptotic analysis valid in the limit g ! 0 as shown in Ref. 27 and 28 for a simpler laser problem. We have verified numerically that the single mode Hopf bifurcation points indeed converge to the CM 0 -CM 2 crossing point as g ! 0 (see Fig. 5 ). They have been determined numerically by changing a 0 forward and backward. For each value of g, we note that the main CM 0 admits a subcritical Hopf bifurcation that is causing a sudden jump transition.
In conclusion, we have found that the slow rise time of the pulsed pump may significantly affect the high intensity output pulse in a quantum dot laser. It leads to sharp power drops and drastic changes of the pulse profile. We relate this phenomenon to the dynamical change of the phaseamplitude coupling (a-factor). The delay differential equation modeling simulates the experimental observations. A combined analytical and numerical investigation of the bifurcation diagram unveils a beating mechanism between nearby CMs that generates Hopf bifurcation points responsible for fast transitions between CMs, causing dropouts. As g becomes smaller, the two Hopf bifurcation points converge to the crossing points (encircled). All other parameters are the same as in Fig. 4 .
